Introduction
For therapeutic and diagnostic reasons, but also in clinical and pharmacological research, there is a high demand for easily accessible biomarkers that reflect the complex nature of physiological and pathophysiological changes in chronic obstructive pulmonary disease (COPD).
Systemic inflammation is thought to play an important role in the pathogenesis of COPD. [1] [2] [3] Among others, peripheral blood levels of fibrinogen, adiponectin, interleukin 6 (IL6), and C-reactive protein (CRP) were shown to be increased 2, 4, 5 and to be related to exercise tolerance, 6, 7 exacerbation rate, 8 and mortality. 1 However, the differences between the mean absolute resting levels in IL6 and CRP between COPD patients and 1 Breathlessness and reduced exercise capacity are well-known symptoms of COPD. They are accompanied by bronchoconstriction, lung hyperinflation, mismatch of ventilation and perfusion, pulmonary vascular disease, skeletal muscle atrophy, muscle fiber shift, and gas-exchange abnormalities. [9] [10] [11] Moreover, breathlessness and early tiring (fatigue) leads to less physical activity, which also worsens the disease, as physical inactivity itself is related to systemic inflammation in COPD. 7, 12 Quadriceps muscle weakness and increased fatigability are well known in COPD, and the fatigability of the distal leg muscles is also higher in patients with COPD. 13 It is known from healthy sedentary subjects that they respond with increased levels of plasma IL6, tumor necrosis factor alpha (TNFα), and markers for oxidative stress during and following maximal cycling exercise. 14 The extent of increase depends on the intensity and duration of exercise. 15 In 2008, Jammes et al 16 compared the expression of oxidant and inflammatory responses to maximal cycling exercise in COPD patients and healthy controls to test the effect of hypoxemia on muscle metabolism in COPD patients. They showed that an increase in IL6 and TNFα occurred earlier and that the absolute change in these cytokine levels was more pronounced in COPD patients.
Therefore, the basic idea for using exercise challenge as a model was primarily based on the hypothesis that challenged patients could potentially amplify biomarkers related to specific pathophysiological processes in COPD. For our study, we recruited smokers with moderate COPD (GOLD 2) and sex-and age-matched healthy smokers as controls. We analyzed IL6 and CRP, which are known to be related to health status, exercise tolerance, and exacerbations of COPD patients, 6, 8 as well as soluble vascular cell adhesion molecule 1 (sVCAM1), soluble intercellular adhesion molecule 1 (sICAM1), and von Willebrand factor (VWF) as markers of endothelial function. In addition, we assessed myeloperoxidase (MPO) as an inflammatory marker, which has been associated with lung function, 17 but which is also considered as a biomarker for cardiovascular disease risk stratification, 18 and leukotriene (LT) B4 as a marker involved in inflammatory processes inducing the adhesion and activation of leukocytes to endothelial cells. To determine the repeatability of the findings, the exercise challenge was performed on two occasions. This study was part of a comprehensive exploratory biomarker study in serum, bronchoalveolar lavage, bronchial biopsies, and induced sputum of smokers with moderate COPD (GOLD 2).
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Material and methods subjects
Twenty-three subjects with moderate COPD (GOLD 2) 9 and 23 age-and sex-matched healthy controls were enrolled in this prospective exploratory biomarker study (Table 1) . Six subjects in each study group were women. All were current smokers with a smoking history of at least 10 pack-years and free of exacerbations or acute infections within 4 weeks prior to the study days. Among other inclusion criteria, a body mass index (BMI) .18 and #30 kg/m 2 and a postbronchodilator increase in forced expiratory volume in 1 second (FEV 1 ) #15% were required. Subjects or patients with any evidence for a disease that would affect the safety during exercise challenge, including a history of pneumonia within the last 6 months or of asthma, were excluded. The study was conducted in accordance with Good Clinical Practice and the Declaration of Helsinki. Subjects gave their written informed consent. The study was approved by the Ethical Committee of Hannover Medical School.
study design
During screening (maximum 3 weeks prior to visit 1), the subject's demographics and medical history were obtained ( Figure 1 ). Blood was drawn for basic hematology and biochemistry. Lung function and electrocardiogram (ECG) were 
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Constant-load exercise decreases serum MPO assessed, and urine was tested for cotinine. Subjects then returned for a total of five visits. Visits 1 and 2 (separated by 3-7 days) were followed 28±5 days later by visits 3 and 4 (separated by 3-7 days). The exercise tests were performed under nonfasting conditions during visits 1 and 3 following a standardized breakfast. Subjects were discharged from the study in visit 5 (1-4 days after visit 4). Five of the 46 subjects did not take part in the second exercise test during visit 3.
Cycling exercise
At the screening visit, the peak work capacity (W peak ) was determined by an escalation scheme with a stepwise increase in the work rate by 10 W every minute and by keeping the pedaling rates at 50-70 rpm. 20 W peak was defined as the highest work rate that could be maintained for at least 30 seconds. For the constant-load exercise, after a short warm-up period, the work rate was increased to 75% of W peak ( Figure 2 ). The subjects were encouraged to exercise for 30 minutes, but they were allowed to stop the exercise before this, if needed. Blood oxygenation (SpO 2 ) was monitored during exercise by pulse oximetry.
Venous blood sampling was carried out at four time points: before exercise, after 5 minutes of loaded exercise, 
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holz et al analysis IL6, LTB4, and VWF were analyzed in the exercise serum samples by enzyme-linked immunosorbent assay (ELISA). MPO, CRP, sICAM1, and sVCAM1 were analyzed by a Luminex instrument. Lactate was measured as part of a metabolite panel using electrospray ionization tandem mass spectrometry at Biocrates Life Science AG, Austria, according to their standard operating procedure. 21 The experimental procedure is described in detail by the patent US 2007/0004044 (accessible at http://www.freepatentsonline.com/20070004044.html). 22 
statistical analysis
Data are displayed as arithmetic mean and standard deviation (SD) or median and interquartile ranges (IQRs). Prior to statistical analysis, we corrected the original measurements for plate effects and averaged the duplicated measurements. Data were log-transformed if not normally distributed. Interrelationships between parameters were investigated by computing the Pearson correlation coefficient. Analysis of variance (ANOVA) was conducted based on a repeated measurement model to assess changes in biomarker levels during exercise challenge. For comparisons between two groups, the Mann-Whitney U-test statistic was calculated. The Newman-Keuls test statistic was used for post hoc analysis. Differences between groups were reported if the P-values of the parametric as well as of an additional nonparametric analysis were ,0.05. It should be noted that, due to the exploratory nature of this study and because of the simultaneous investigation of many analytes (no adjustment of the significance level has been applied), the familywise error rate is not controlled. Hence, the P-values are utilized as standardized measures for the extent of the difference between the two study groups. Intraclass correlation coefficients (ICCs) were derived from one-way ANOVA tables as the ratio of variance among subjects to total variance based on the repeated measurements. 23 (BMS -WMS/2)/([BMS -WMS/2] + WMS), where BMS means between-group mean square and WMS means within-group mean square. For the statistical analysis, we used the software Statistica (Statsoft, Germany).
Results Demographics
Subjects of the COPD and the control group were matched with respect to sex, age, and smoking behavior. Urine cotinine measurements showed no significant differences between groups, despite the COPD patients reporting slightly higher daily cigarette consumption. COPD patients had lower lung function values, oxygen saturation, and a lower peak exercise capacity at screening ( Table 1) . 
Duration of exercise
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Constant-load exercise decreases serum MPO dropped below 94% in any subject during the study. The comparable lactate levels indicated that the metabolic burden was comparable between groups ( Figure 4 ).
Baseline concentrations prior to exercise
At baseline following a standardized breakfast (visit 1: n=23 COPD smokers/23 healthy smokers), COPD patients had higher serum concentrations of IL6 (P,0.001), CRP (P,0.005), sVCAM1 (P,0.01), sICAM1 (P,0.02), and VWF (P,0.001) (Figures 5 and 6 ). These differences were smaller at baseline of the second challenge, most likely due to the lower subject numbers (n=21/19).
Changes in concentrations during exercise
The analysis of the whole dataset including all subjects and all measurements showed that the exercise challenge changed the concentrations of IL6 (P,0.001), MPO (P,0.001), sICAM1 (P,0.05), VWF (P,0.001), and LTB4 (P,0.05, repeated measures ANOVA including all four time points from both visits; diagnosis and visits as factors).
Compared to smokers with COPD, healthy smokers showed a greater percent increase (end of exercise relative to before exercise) in serum IL6 (P=0.01) and CRP (P=0.05) and a larger decline (P=0.03) in serum MPO at the end of the exercise period.
To consider the fact that the duration of exercise differed between groups, we also calculated the percent change of each marker per minute. Due to the much shorter duration until exhaustion, the percent change per minute was larger for COPD patients compared to healthy smokers for IL6 (P=0.004), MPO (P=0.0001), and CRP (P=0.06), but also for sVCAM1 (P=0.003), sICAM1 (P=0.0001), VWF (P=0.009), and LTB4 (P=0.0001).
We observed a correlation between serum concentrations of IL6 and CRP before, during, and at the end of exercise (log-transformed data of all subjects, r=0.56, 0.61, 0.54, at least P,0.003). Correlations with r.0.5 were also observed for sVCAM and sICAM.
Changes in concentrations during recovery
In healthy smokers, the change in IL6 serum concentrations during the recovery phase (%, level at end of 20 minutes recovery relative to end of exercise) was different from those of COPD smokers (P=0.01) because only in healthy smokers the IL6 levels continued to increase during the recovery phase. No such differences during the recovery phase were observed for the other markers.
reproducibility of the exercise challenge model
In this study, the exercise challenge was repeated 4 weeks after the first challenge. Figures 5 and 6 show that the median levels of all markers show almost identical response patterns. On the individual level, we found a very good reproducibility for the duration until the end of exercise (ICC =0.86; correlation coefficient, r=0.87). The absolute serum concentration of IL6 at the end of exercise showed low repeatability (0.21, 0.21). Better values were found for the change in IL6 concentration relative to baseline (0.53, 0.54). A fairly good repeatability was also found for the absolute serum concentration of MPO (0.72, 0.72) and VWF (0.61, 0.60) at the end of exercise. 
Discussion
A constant-load exercise challenge with 75% of the maximum load was shown to increase the concentration of serum IL6, which is in line with published results. 24 In our study, this response was more pronounced in the group of healthy smokers; however, this difference might be explained by the longer duration of exercise until exhaustion. In both groups of subjects -but again more pronounced in healthy smokers -we observed a decline in the serum concentration of MPO, which has not been described before. As MPO is considered a marker for neutrophil activity, and in this respect as a biomarker for cardiovascular disease risk stratification, this observation might be related to the overall beneficial effects of physical activity. 
MPO
MPO is a widely studied molecule and plays an important role in inflammation through the formation of microbicidal reactive oxidants that are essential for the innate immune system. 25 On the other hand, there is increasing evidence that MPO affects the arterial wall and endothelial function. Through lipid peroxidation, it can change the ratio of low-density and high-density lipoproteins (LDL and HDL), supporting the formation of foam cells and plaque buildup, which are processes involved in the pathogenesis of arteriosclerosis. 26 In addition, MPO interacts with NO, which can attenuate NO-dependent blood vessel relaxation. 27 In professional ice hockey players undergoing an incremental bicycle test until exhaustion, higher blood concentrations of MPO were shown immediately after exercise compared to baseline values. 28 Under submaximal exercise, however, this effect was not observed by the same authors, both in moderately and highly trained athletes. 29 These data indicate that intensive exercise potentially causing high metabolic acidosis and muscle soreness will activate neutrophils and potentially increase systemic MPO levels due to degranulation. In our study at much lower levels of exercise, these processes apparently did not play a role. Under the constant-load exercise, MPO levels declined immediately after the start of exercise and even continued to decline during the period of 20 minutes at rest. In those subjects returning for the second challenge, the pre-exercise MPO levels were comparable again to those of the first challenge ( Figure 5 ). Despite this, the immediate response and the continued decline during rest would suggest that a more active lifestyle could have the potential to lower the average MPO concentration. It is tempting to speculate that this effect on MPO plays a role in the clinical benefit of increasing physical activity not only in COPD patients. Data from 1820 men included in the MONICA/KORA Augsburg studies would support this by demonstrating that regular leisure-time physical activity reduces systemic MPO concentrations. 30 The mechanisms involved are not known, but exercise generally leads to higher numbers of neutrophils and monocytes in peripheral blood. 31 Though predominantly derived from neutrophils, both cell types are potential sources for MPO. 32 It could therefore be speculated that not an increased number of neutrophils but their activation state might be a problem in COPD. 33 In this respect, 34 In COPD patients, exercise capacity could be further limited due to limb muscle weakness, muscle atrophy, poorer oxidative capacity, and mitochondrial dysfunction. 10 The comparable levels of lactate, however, indicate that the metabolic burden caused by the different efforts was comparable.
Magnitude of the response
The median changes between baseline and the three time points during exercise and recovery were smaller than 10% for sVCAM1, sICAM1, and LTB4. For VWF and CRP, a change exceeding 10% was observed only after rest in healthy nonsmokers. The largest changes were observed for IL6 (median .60% from baseline) in healthy smokers and for the decline in MPO (40%-60%) in both groups.
Despite the fact that overall (including data of all subjects and visits) we did not find a significant change for serum CRP over time, there was a slightly (P=0.05) larger increase in CRP in healthy smokers at the end of exercise when percent changes were analyzed. From this data, markers for endothelial function do not appear to be primary targets to be tested by our short-term exercise model. In addition, the limited increase in the discrimination between groups does not appear to be in favor to justify the required addi- 35 At the early time points after the end of exercise, evidence for a reduction in inflammatory cytokines was found both in serum as well as in induced sputum. This is compatible with the decline in serum MPO that we observed in our study. However, in contrast to our result and that of others, Davidson et al did not see an increase in serum IL6 between the baseline measurement and the level at the end of exercise.
In a study published by Jammes et al in 2008, 16 an incremental exercise protocol was used and the exercise capacity was determined using VO 2 max values. Our submaximal constant-load exercise challenge did not allow the measurement of VO 2 max, but we showed the differences in exercise capacity between groups by the differences in duration until exhaustion. In addition, we used healthy smokers as control group (smoking status of both COPD and control group in Ref 16 were not provided), who showed a much broader spectrum of PaO 2 levels. While we found a similar difference between groups with respect to IL6 increase relative to exercise capacity, the absolute change of serum IL6 in healthy smokers was significantly larger.
Using a constant-load exercise challenge of 40% of the peak exercise level instead of 75%, as in our study, Rabinovich et al 36 did not find an increase in plasma IL6 during or after exercise in a group of 17 severely ill COPD patients (mean FEV 1 % predicted 40%), indicating that a certain level of exercise is required to induce changes in systemic cytokine levels.
reproducibility of the response to challenge
With respect to median levels, the exercise challenge model was repeatable (Figures 4-6 ). Looking at the respective correlation coefficients, the absolute levels of IL6 at exhaustion (TP3) were quite variable, very likely due to the rather low concentrations of IL6 in serum. For the percent changes of IL6 relative to baseline, the coefficients ranged ~0.5. A better repeatability was observed for absolute values of MPO and VWF. Importantly, the duration of exercise was highly repeatable between the two visits that took place 4 weeks apart.
Conclusion
In summary, we showed that an exercise challenge can amplify COPD biomarker signals. However, for those markers investigated, the effect was too small to justify the additional effort and to use this model in clinical practice. On the other hand, the exercise challenge was safe and well tolerated, and the systemic response was repeatable in two independent challenges; therefore this model is basically suitable for pharmacological intervention studies. One unexpected finding was the decline in serum MPO in both groups. It could be speculated that this effect is linked to the positive effects of physical activity and that a modification of the neutrophil activation state could be a potential pharmaceutical target.
